Using deep, high-spatial resolution imaging from the HST ACS Coma Cluster Treasury Survey, we determine colour profiles of early-type galaxies in the Coma cluster. From 176 galaxies brighter than M F814W(AB) = −15 mag that are either spectroscopically confirmed members of Coma or identified by eye as likely members from their low surface brightness, data are provided for 142 early-type galaxies. Typically, colour profiles are linear against log(R), sometimes with a nuclear region of distinct, often bluer colour associated with nuclear clusters. Colour gradients are determined for the regions outside the nuclear components. We find that almost all colour gradients are negative, both for elliptical and lenticular galaxies. Most likely, earlier studies that report positive colour gradients in dwarf galaxies are affected by the bluer colours of the nuclear clusters, underlining that high resolution data are essential to disentangle the colour properties of the different morphological components in galaxies. Colour gradients of dwarf galaxies form a continuous sequence with those of elliptical galaxies, becoming shallower toward fainter magnitudes. Interpreting the colours as metallicity tracers, our data suggest that dwarfs as well as giant early-type galaxies in the Coma cluster are less metal rich in their outer parts. We do not find evidence for environmental influence on the gradients, although we note that most of our galaxies are found in the central regions of the cluster. For a subset of galaxies with known morphological types, S0 galaxies have less steep gradients than elliptical galaxies.
1974 ; Carlberg 1984; Arimoto & Yoshii 1987) predict strong metallicity gradients. In this scenario primordial clouds of gas sink to the centre of an overdensity where a rapid burst of star formation occurs. Infalling gas mixes with enriched material freed from stars by stellar evolutionary processes and forms a more metal rich population. Because the gas clearing time (and hence the number of generations which enrich the interstellar medium) is dependent on the depth of the potential well, the metallicity gradient is dependent on the mass of the galaxy.
Mergers, dominant in hierarchical galaxy formation scenarios, will dilute existing population gradients (e.g. White 1980; di Matteo et al. 2009 ), although residual central star formation can steepen gradients again (e.g. Hopkins et al. 2009, among others) . Therefore, the study of metallicity gradients can be used to distinguish between competing scenarios of galaxy formation and can eventually lead to a more detailed understanding of those scenarios. Many attempts have been made to model metallicity gradients in more detail (Carlberg 1984; Arimoto & Yoshii 1987; Chiosi & Carraro 2002; Kobayashi 2004; Pipino et al. 2008 Pipino et al. , 2010 , of which the models by Kawata & Gibson (2003) are so far most consistent with observations (Spolaor et al. 2009 ).
Much work has been devoted to determine metallicity gradients in large elliptical galaxies, either by use of colour gradients (Sandage 1972; Franx et al. 1989; Saglia et al. 2000; La Barbera et al. 2004 La Barbera & de Carvalho 2009) or by spectroscopy (Mehlert et al. 2003; Sánchez-Blázquez et al. 2006; Ogando et al. 2008; Spolaor et al. 2010) . There is consensus among all authors that elliptical galaxies do have metallicity gradients, which are not as strong as predicted by classic monolithic collapse scenarios. However, for dwarf galaxies, the situation is not as clear. Vader et al. (1988) find that colour gradients become positive for dwarf galaxies. van Zee et al. (2004) mitigate this statement by saying that non-nucleated dwarf galaxies have positive gradients, but nucleated dwarf galaxies have more or less flat gradients. Gorgas et al. (1997) find negative metallicity gradients for a sample of high-luminosity dwarf galaxies. The metallicity gradients of Spolaor et al. (2009) show a trend to flat or positive gradients at low luminosities, whereas the metallicity gradients from Koleva et al. (2009) stay again negative in this regime.
In addition to the different formation scenarios, different evolutionary paths may have played a rôle in shaping the dwarf galaxies in different parts of the cluster. It is obvious that at some point dEs have started as entities containing gas, however, as we observe them now they are gas-poor. The morphology-density relation (Dressler 1980) suggests that cluster-specific processes are important for removing the gas. Several different processes have been proposed to operate in clusters (and less dense environments), but it is not clear which one is the most important in the end. Ram pressure stripping by the hot ICM (Gunn & Gott 1972) will result in a different stellar population than for example harassment (Moore et al. 1996) and starvation (Tully & Trentham 2008) . By looking at gradients in different environments it may be possible to identify the most prominent evolutionary paths (if such a thing exists, see for example (van Zee et al. 2004) .) It is obvious that this is extremely difficult, because all gas removing processes act more efficiently on gas in the outskirts of the galaxies and are more inefficient in the removal of gas in the centre. If the left-over gas in the centre forms stars, this will steepen existing gradients a bit, but it is not clear by how much (except in the case of tidal stripping, which removes also part of the stellar content of a galaxy). However, it is clear that these processes depend on galaxy density or position in the cluster. The Coma cluster is therefore an ideal laboratory to study the evolution of galaxies, as the density is to a first approximation only a function of clustercentric distance.
Coma, at a distance of 100 Mpc the nearest Abell class 3 cluster, is an excellent place to study dwarf galaxies for various reasons. Since Coma is located at high Galactic latitude, the extinction is low (Schlegel et al. 1998) . Furthermore, Coma, serving as a benchmark for high redshift studies, has been looked at intensively in the past -both with ground based telescopes and with space-based telescopes (GALEX, Spitzer) -and in the present. With the advent of the Coma Treasury survey many new observing programs have commenced.
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In this paper we study colour gradients for dwarf and giant galaxies in the Coma cluster as derived from HST data. Colours probe stellar populations: colours of metal rich stars become redder, but also the age of the population and the slope of the initial mass function (IMF) change the colour. The superior resolution of HST allows us to separate different morphological components of galaxies, leading to a clean interpretation of our observations. Throughout this paper we assume a distance modulus to Coma of m − M = 35 , henceforth paper I), which corresponds to a distance of 100Mpc.
DATA AND OBSERVATIONS

HST/ACS Coma Cluster Survey data
We have used the data from the HST/ACS Coma Cluster Survey, a deep 2-passband imaging survey of the Coma Cluster. A full description of the observations and data reduction can be found in Paper I. Here we will give only a short summary of the survey. The ACS Wide Field Camera was used to image the Coma Cluster in the F814W and F475W passbands (roughly coinciding with the I and g filters). The survey was designed to contain different galaxy density regimes, by observing both the core of the cluster and the outskirts, and in particular the infalling group of NGC 4839. Due to the breakdown of the ACS Camera the survey is only partly completed; with 19/25 observed fields the centre of the cluster is well-covered. The other six fields sample the region around the infalling group NGC4839. Figure 1 shows the positions of the frames on the sky. The fields that were completely observed (4/25 fields are only partly observed) had exposure times of 4×350s in F814W and 4×640s in F475W. After data reduction, which included PyRAF/STSDAS and MultiDrizzle (see paper I for details), each ACS frame consists of 4300×4225 pixels, each having a size of 0.05"×0.05". A source catalogue was created by running SExtractor on the reduced frames. A full description of the source catalogue is given in paper II 
Sample selection
Except for the galaxies in the most central fields, the majority of observed galaxies are background galaxies that do not belong to the cluster. For our analysis we are only interested in galaxies inside the Coma Cluster. Arguably the most reliable way of determining cluster membership is by determining the redshift of each galaxy. For a large sample of galaxies this has been done using the Hectospec spectograph on MMT, and the LRIS spectrograph on Keck (see Smith et al. (2008 Smith et al. ( , 2009 Chiboucas et al. (2010) .) The sample for which we have accurate redshift information is approximately complete for galaxies with µe(F814W) < 22.5.
The majority of the fainter Coma dwarf galaxies stand out against background galaxies as low surface brightness galaxies. Due to the superior resolution and sensitivity of the ACS camera it is therefore possible to estimate cluster membership solely on the basis of morphology for faint galaxies of which membership cannot be confirmed spectroscopically. We use the same sample as used for the determination of the luminosity function for Coma. For details on the selection method and the selected galaxies, see Trentham et al. (2010, in preparation) . The sources selected in Trentham et al. all have a membership rating, going from 0 to 3. Class 0 sources are spectroscopically confirmed members of Coma. Class 1 contains "almost certain" members, which are sources that are only rarely found in the field. Class 2 contains "likely" members, and class 3 contains possible Coma members. Spectroscopic follow-up has shown that rating class 2 contains approximately 10% non-members, whereas rating class 3 contains ∼50% non-members. To minimise background contamination, we only use members from class 0 (confirmed) to class 2 (likely member), but leave out class 3. Our sample contains approximately 176 galaxies, 10% of which are of class 2. This means that the expected number of non-members in our sample is 2.
Not all galaxies in this sample can be used for determining colour gradients. First of all, we are only interested in early-type galaxies, and we therefore exclude galaxies with obvious spiral features. For sources fainter than F814W(AB) = 20 the dwarfs become generally too faint to obtain any reliable results at all, so we also have excluded these sources. In addition to this, the sample contained a number of extremely compact galaxies (UCDs) which were picked up by Hectospec and LRIS. Since their size is hardly larger than the size of the PSF, we cannot obtain any useful colour gradients from them. We have excluded galaxies where the presence of dust in the outer parts of the galaxies prevented us from probing stellar population differences. In addition to this, there are a number of galaxies for which it is impossible to obtain reliable results, because they reside too close to other galaxies, and it is impossible to get a reliable estimate of the sky, or because the shape of the galaxy is such (highly flattened, or irregular) that the fitting procedure does not give very accurate results. Table A1 in the Appendix contains the list of 142 fitted sources and their membership rating. Table A2 contains a list of 36 galaxies that have been excluded for various reasons. Out of these 142 sources, 1 source has membership class 1, and 16 have membership class 2, meaning that we have cluster membership confirmation for 125 out of 142 sources (88%).
ANALYSIS
Galaxy isophotal analysis
We use Galphot (Franx et al. 1989; Jørgensen et al. 1992 ) to measure the surface brightness profile of each galaxy. This program fits ellipses to a light distribution, allowing a variable centre, ellipticity and position angle as function of radius.
For our colour gradients, all the fitted ellipses need to have a common centre. The centre as determined by Sextractor is in many cases not accurate enough, because its luminosity weighted determination will not coincide with the real centre, for example, if a galaxy is slightly asymmetric or if the sky background has some gradient. In this case one can either choose to centre the ellipses, after an initial Galphot run, on the outer isophotes or on the inner isophotes, or some combination of both. Motivated by the presence of nuclei in most dwarf ellipticals, we decide to fix the centre on the inner ellipse. We note however that a slightly different centre has only a negligible effect on the gradient.
The shape of the central light profile of a galaxy is usually quite sensitive to the size of the point spread function (PSF). To obtain useful colour profiles one has to compare fluxes at the same place in the galaxies. We convolved each image stamp in each band with the psf of the other bands. PSFs were generated (cf. Hoyos et al. (2010) , henceforth Paper III) using DrizzlyTim 2 . Convolution was done in frequency space using a Fast Fourier Transform.
In summary, we set up our Galphot runs in the following way. In the first run, we give Galphot as input the centre of the source as determined by SExtractor, and allow the centres of ellipses to change. This Galphot run is done on a convolved F814W image stamp. In the second run, we use the results from the first run to fix the centre, ellipticy and position angle, such that they are the same for all ellipses. After this, we determine the azimutally averaged surface brightness of the same galaxy in the F475W band, using the same set of ellipses. A colour gradient is then determined by fitting a straight line in colour-log(r) space, where r is the circularized distance of the ellipse (i.e. the geometric mean of the major and minor axis.) This scale-free way of fitting avoids the use of a predetermined scale in a galaxy, such as the effective radius, and is common in the literature. Particularly for galaxies with strong gradients using a logaritmic gradient gives a better fit than a linear gradient. The range over which we fit extends from the innermost point to the cutoff in the profile (see section 3.2), and the points are weighted in a standard fashion by the inverse of their standard deviation (a combination of the error in the sky and the root-mean-square deviation inside each elliptical annulus). The errors on the gradients quoted in this paper are the formal errors from the fit.
Sky determination and uncertainty
Arguably the hardest part of the analysis is the determination of the sky background. In our observations, the sky background is made up of zodiacal light and earth shine, but on top of that, diffuse intra-cluster light, tidal debris, scattered light from bright objects and envelopes of big galaxies affect the measured background, so that determining the sky is an extremely difficult problem.
sextractor provides a measure of the sky and also the standard deviation of the sky. Nevertheless, it is well known that the apertures used by sextractor are in general too 2 DrizzlyTim is written by Luc Simard small for large galaxies (see e.g. Paper III), leading to an overestimation of the sky.
We determine the sky value in the following way. The host galaxy and all other sources in the cutout are masked. We randomly pick 9 × 9 pixels sized boxes in non-masked areas, for which we determine the median. The median of the boxes is then used as the sky value. We find that the uncertainty in the sky is typically 2% in the F814W (and smaller in F475W) , though this number is higher for galaxies near bright sources. We determine the uncertainty in the sky by dividing the width of the histogram by the square root of the number of boxes. We truncate the profiles at the radial distance where the uncertainty in the sky translates into a surface brightness uncertainty of 0.1 mag/arcsec 2 (the sky values subtracted by MultiDrizzle are usually of order 25 counts in F814W and 30 counts in F475W, which is 2-3 magnitudes fainter than for ground-based observations of a moonless sky). This means that in a typical case, without bright neighbours, the profiles are truncated at F814W (AB) surface brighness of 25.5 mag/arcsec 2 and 26.0 mag/arcsec 2 in F475W. For a dwarf galaxy this means an extent of about 2 to 3 effective radii, and a bit more for elliptical galaxies.
MULTIPLE COMPONENT FITS WITH BAGATELLE
For all of the galaxies in our sample we determined onecomponent structural parameters with a Bayesian code called bagatelle, which fits a parametrized light profile to a galaxy. For the light profile we assumed a Sérsic profile, where we leave all parameters (Sérsic index n, R eff , magnitude, ellipticity, position angle, position) free, except the boxiness/disciness parameter, which is fixed to the value that generates perfect ellipses. A more elaborate description of the code can be found in a forthcoming paper (den Brok in prep.), but we summarize some of the characteristics of the code. Galaxies only rarely consist of one structural component. Even though a Sérsic profile may be a good approximation for the light profile of the outer galaxy, the centres of galaxies are known to have different profile shapes. For example, dwarf galaxies often show evidence for compact nuclear star clusters (Graham & Guzmán 2003; Côté et al. 2006) . Except for the fact that some profiles describe the surface brightness of a galaxy better, several authors have attached physical interpretation to profile shapes as wellfor example, the separation of a galaxy in a Sérsic profile and a star cluster, or a Sérsic profile and a core (which may be scoured by black holes.) It is of course important that one uses a profile which describes the data best, however, in the case of 2d profile fitting, the reduced χ 2 r is usually not a good measure of how well a profile fits. By adding more and more free parameters to a fit, the fit will become better, but probably not more physical.
This problem can be solved by using Bayesian fitting, because with Bayesian fitting more complicated models (i.e., the ones with more parameters) are punished. We have therefore written a Bayesian code. The input for each model is a set of priors. The output a set of parameters together with a number called evidence, which tells you how much the prior volume has collapsed. The value of the evidence can help us choose between models, because it ranks each model in order of likelihood.
We have fitted our galaxies in Coma with two models. One model consists of a single Sérsic, the other of a single Sérsic and a point source, since star clusters at the distance of Coma should not be resolved. The position of the point source is forced to coincide with the position of the rest of the galaxy, so that we do not end up fitting globular clusters. In Figure 2 we show an example fit where the addition of a point source to the profile is a significant improvement on the single Sérsic fit. We have not fitted our galaxies with additional disc components. For the fainter galaxies in our sample, this is in most cases not a problem (cf. Ferrarese et al. (2006) ), however, we note that there are S0 galaxies for which the Sérsic index may be biased. We note that the magnitude of NGC4874 is underestimated because of the small field of view of the ACS camera. As this galaxy is a cD galaxy and therefore has a disputable absolute magnitude anyway, we have decided not to correct for this.
RESULTS
Colour gradients
In the following sections we present our results on colour gradients. We always use F814W (AB) and F475W (AB) magnitudes. Since B and IC (in the Johnson-Cousins system) are more commonly used, we give here a few conversions: (from Frei & Gunn (1994) ) In Figure 3 (top) we show the colour gradient as a function of host galaxy absolute F814W magnitude. Gradients are negative and steep in the large elliptical galaxies, the less luminous galaxies have shallower gradients which are often positive. The change from negative to positive gradients seems to happen just at the magnitude where there is also a well known change in the behaviour of structural parameters of galaxies, where galaxies fainter than MV = −18 (corresponding to ≈ −19 in F814W) magnitudes follow a different size-luminosity relation than more luminous galaxies (see for example Kormendy (1985) , and for stellar populations Vader et al. (1988) ). At first glance this looks exactly what one would expect in a galaxy formation paradigm where galaxies form through monolithic collapse.
The centres of galaxies are special environments. Dynamical time scales are short here. Many galaxy centres show evidence for central massive objects such as supermassive black holes and nuclear star clusters. The formation of these objects is not well understood, and in particular their relation with the formation and evolution of the host galaxy is uncertain. If we want to understand what processes have shaped the stellar populations of the host galaxy to its current form, it is necessary to exclude the for this study aggravating contribution of any central AGN or star cluster.
To do so, we carry our linear fits to the colour profile out again, but now excluding a the data within a radius of 3 pixels from the centre (75 pc at a distance of Coma). This is usually enough to exclude most of the light contribution of additional nuclear sources to the colour profile. However, inspection of the colour profile has shown that 3 pixels is sometimes not sufficient ( see for example Fig 2) . For these galaxies, we manually altered the fitting range (maximally excluding 10 pixels from the centre). A more complicated problem is determining gradients in large galaxies with structures such as bars, where an abrupt change in stellar populations between different morphological components can produce a strong colour gradient. These galaxies were also treated by hand, where we always used the outermost component to fit the gradient.
In Figure 3 (bottom) we present the colour gradients for galaxies where we have excluded any central component as a function of host galaxy absolute magnitude. This reanalysis has had effect on elliptical galaxies as well as dwarf galaxies. Some elliptical galaxies have now less steep colour gradients, because we eliminated central reddening due to dust discs, whereas the to a large extent positive gradients that we observed for dwarf galaxies in Figure 3 (above) have mostly disappeared and become slightly negative. There are two galaxies with strong positive gradients. One of these galaxies (COMAi13005.684p275535.20) shows a central disk and spiral structure. This galaxy may be a spiral galaxy transforming to a dwarf galaxy, even though its projected distance is not too far away from the core of the cluster.
Even without the positive gradients for dwarf galaxies, the trend is visible that fainter galaxies have smaller gradients (a Spearman rank test confirms this with a correlation coefficient of 0.41 (excluding the compacts gives 0.45)). This is at least qualitatively consistent with a monolithic collapse scenario. In this scenario, after a first burst of star formation, primordial gas is enriched with stellar ejecta until the onset of galactic winds prohibits any further star formation. Since the latter process is dependent on the local escape velocity, colour gradients are a function of host galaxy mass, for which we use absolute magnitude as a proxy in Figure 3 .
In a subsequent paper, we will investigate the relationship between the colour of the nuclear region with that of the main body of the galaxy. In the following part of this paper, we focus only on the gradient in the main body of the galaxy, i.e. excluding the central part.
Differences in colour gradients as function of environment
The environment in which a galaxy evolves can influence its colour gradient, since it can regulate the amount of star formation (by starving a galaxy from an external gas reservoir, by removing already present gas, by heating or ionizing cold gas or by compressing present gas due to the high-pressure in the ICM) and set the number of interactions with other galaxies, since harassment and mergers can alter the morphological appearance of a galaxy. One therefore expects to see differences between galaxies in the outskirts of the cluster and galaxies near the centre of the cluster. In Figure 4 we plot the colour gradients as a function of clustercentric distance. Although the results are not particularly sensitive to the way the distances are combined, we adopt as our indicator the harmonic mean of the distances to the two brightest galaxies, NGC4874 and NGC4889. It is difficult to find any environmental trend in Figure 4 . Indeed the value of Spearman's rank correlation coefficient is 0.08 (0.06 when excluding the compacts) which means that there is no correlation at all. It is known from our previous analysis that more massive galaxies have stronger colour gradients. On the other hand, the clustering properties of massive galaxies are different from those of dwarf galaxies, in the sense that low- mass gas-poor galaxies are generally more strongly clustered than high-mass gas-poor galaxies. A better question to ask is perhaps if the colour gradients of galaxies with similar mass are somehow dependent on density. We therefore decided to divide out the gradient-magnitude relation for bright galaxies, by fitting a line to the data of Figure 3 . The residuals of this fit, i.e. the vertical offsets of the colour gradients from this line, are shown in Figure 5 as a function of distance.
To check if there is any environmental dependence on the offsets, we have fitted a line through them, as a function of logarithmic projected distance. We find a slope consistent with zero, meaning that there is no evidence in our data that the offsets from the main relation are due to environment. (Even when excluding the compact galaxies from the fit, the reduced χ 2 remains high and the slope is consistent with zero). A Spearman correlation coefficient test shows no correlation (r = 0.06 or 0.04 without compacts.)
COMPARISON WITH STRUCTURAL PROPERTIES
The sequence of giant elliptical galaxies can be divided into two classes: the rapidly rotating low-luminosity ellipticals which are quite flattened, and their (generally) higher luminosity slow-or non-rotating counterparts. Despite their dynamical and morphological differences, elliptical galaxies are fitted exceptionally well by Sérsics R 1 n surface brightness law, where n, known as the Sérsic index correlates positively with galaxy magnitude and effective radius.
Correlation with structural parameters
In Figure 6 we show how the colour gradients correlate with the structural properties that we have derived with our 2d Bayesian fitting code. We have used the results of the Sérsic component from the best fitting model. If one only fits single-Sérsic components to galaxies, one often finds a Figure 5 . Offset of the colour gradients from a linear fit to the data in Fig. 3 (bottom panel) plotted against the harmonic mean distance towards NGC4874 and NGC4889. Compact galaxies are red. The lines are fits through the sample (the red dashed line includes the compacts, the almost indistinguishable black dashed-dotted line shows the fit after including the compacts.) too high Sérsic index for dwarf galaxies. A lot of the behaviour in this plot is expected. Smaller galaxies have less steep colour gradients (this was expected because fainter galaxies are generally smaller). Similar behaviour is observed in the panels where we plot the gradient against Sérsic index and effective surface brightness. We have refitted the galaxies that were identified as compact ellipticals by Price et al. (2009) . The offset in the compact sources is highest in the effective radius panel. Surprisingly, the one compact source with a positive gradient appears roughly consistent with the other sources.
COMPARISON WITH LITERATURE DATA
The colour of a stellar population is a function of both age and metallicity. Age, metallicity as well as other line index gradients have been studied. In this section we compare our colour gradients with Mgb gradients and metallicity gradients, derived by various authors in the literature. The advantage of comparing directly with index gradients is that we compare direct observables with each other. Comparison with metallicity gradients involves a model to convert colour to metallicity, and requires assumptions on age gradients. For ages greater than 2 Gyr, and metallicities higher than [Fe/H] = −0.6, which is definitely the case for our comparison galaxies, the conversion between colour and Mgb is completely linear, and independent of age and metallicity.
However, for the interpretation of our colour gradients we also compare them to metallicity gradients. A comparison with previous work on colour gradients is shown in Fig. 7 . The data shown there are from Vader et al. (1988) and . The B-band magnitudes are taken from de Vaucouleurs et al. (1991) and converted to absolute magnitudes using the distances from the NASA/IPAC Extragalactic Database (NED). There is clearly a big improvement in the range of magnitudes that is covered by our data. We do not confirm the positive colour gradients for dwarf galaxies as found by Vader et al. (1988) , but our data are consistent with those of . It is likely that previously correlations were not discovered because of this smaller magnitude range. However, it has been found by other authors that there is a turnover in population gradients around MF 814W ≈ −22. (for example, Spolaor et al. 2009 , and references therein). Unfortunately our our sample lacks galaxies in this magnitude regime. Since the galaxies with which we compare are quite large, seeing effects for the spectroscopic data should be negligible and exclusion of the central parts should in most cases not be necessary, as most of the bright galaxies do not have nuclear star clusters. For most of these data, only Johnson B magnitudes are available. We convert these to F814W magnitudes using B − F814W = 1.8 This is not entirely accurate, but the error which we make with this conversion should be less than 0.2 mag for quiescent galaxies which are not affected by dust or recent star formation, and since we care mostly about global trends, we find this error acceptable. Mehlert et al. 2003 Mehlert et al. (2003 fit line index gradients to data obtained by long-slit observations for a sample of 35 early-type galaxies in Coma. A benefit of comparing our data with this sample is, that we are sampling objects from a similar environment, and any systematic error in the distance is the same for both samples. We used the galaxev software (Bruzual & Charlot 2003, henceforth BC03) to convert colours to an Mgb index. We measure the Mgb indices with the same index definition in galaxev, using the Padova 1994 evolutionary tracks and a Salpeter IMF (lower and upper mass cut-offs at 0.1 and 100 Msun). From this analysis we find:
Comparison with
Mehlert et al. define gradients in indices however as:
Which means that there is an additional metallicity factor in the conversion from colour gradient to metallicity gradient, for which we use the signal-to-noise averaged central value from the same paper. A different way of doing this is fitting a relation between log(Mgb) and colour, but this gives essentially the same answer. Figure 8 shows a comparison between our derived gradients and the Mgb-derived colour gradients. The comparison shows that the scatter in these data is higher than in our data. Moreover, some gradients are positive, whereas the colour gradients in this magnitude regime are exclusively negative.
Comparison with Sanchez-Blazquez et al. (2006)
Sánchez-Blázquez et al. (2006) made an extensive study of metallicity gradients in early type galaxies, both for galaxies in dense regions and field galaxies. Their sample includes also 21 members of the Coma cluster. Even though their full sample is much larger, again, to sustain homogeneity of the sample and avoid any additional uncertainties in absolute magnitudes due to distance uncertainties, we focus exclusively on their 21 Coma cluster galaxies. Because the step from index gradients to metallicity gradients requires a lot of assumptions on stellar models, we again just use the Mgb gradients measured by these authors. Because the gradient and index definition of Sanchez-Blazquez et al. is slightly different from Mehlert et al., the conversion that we use here is just the simple:
although in fact we use the inverse relation (i.e. we predict a colour from a given metallicity gradient). In the upper panel of Figure 8 we compare the predicted colour gradients from the Mgb line strengths to our observed colour gradients. The converted gradients from Sanchez-Blazquez et al. are consistent with our observed gradients, except for two galaxies, which would have colour gradients steeper than −0.25 mag/dex. Kuntschner et al. (2010) give a number of different line strength indices for early type galaxies in the SAURON sample, from which they determine metallicity and age gradients. Their data are obtained using integral field spectroscopy, and have very high signal to noise. The SAURON sample consists of a magnitude limited sample of 48 earlytype galaxies in the northern hemispere with v hel < 3000km/s. Their fits are carried out in the same way as ours, by fitting a logarithmic gradient to the 2-dimensional metallicity maps, which were determined by fitting SSP models to different spatial bins. The SAURON sample contains galaxies from nearby clusters and from the field, so a different density regime is probed by these observations. All galaxies from the sample are well-studied nearby galaxies, so we assume that the distance uncertainty is small. Figure 8 (above) shows a comparison of the SAURON observations with our colour gradients. Amazingly, the data follows the same trends as ours: it shows a trend for gradients to become flatter for galaxies fainter than absolute F814W magnitude fainter than −20, the very shallow gradient for the very brightest galaxies (although we only have one data point) and also the scatter and magnitude of the gradients are completely consistent (if we exclude the one point with a very strong positive gradient.)
Comparison with SAURON
We can also compare our colour gradients with the Mgb data from the same paper. Mgb is measured at two locations in each galaxy, at Re and Re/8. The fact that these gradients are based on only two points, one of which is measured relatively close to the galaxy center, makes these gradients extremely sensitive to the presence of central stellar populations which have formed much later than the galaxy halo, and hence the galaxies can show very strong gradients. In addition to this, Mgb gradients can also become stronger if the α/F e ratio increases toward the galaxy centers. The results in Figure 8 show that the Sauron data have a low intrinsic scatter, which may be due to higher signal-to-noise than for example the Sanchez-Blazquez data. Also, the Sauron [Z/H] and Mgb gradients do not show the same trend. We conclude that at least in this magnitude regime our interpretation of colour gradients as metallicity gradients seems to be consistent with spectroscopic data. Spolaor et al. (2009) use GMOS in long-slit mode to measure spatially resolved line indices in 6 Fornax and 8 Virgo cluster galaxies. They convert their Lick/IDS indices to metallicies and ages using the SSP models from Thomas et al. (2003 Thomas et al. ( , 2004 . The metallicity gradients that they find drop from [Z/H]=−0.3 to 0 for fainter galaxies. The velocity dispersion-gradient relation found by these authors shows a surprisingly small scatter. We convert the metallicity gradient -B-magnitude data using BC03 to colour gradient -I-magnitude data. For this we use B(J) − I(AB)=1.8 and ∆F475W − F814W = 0.27 ∆[Z/H] The results of this conversion are shown in Figure 9 , where we also overplot the theoretical predictions from Kawata & Gibson (2003) . Surprisingly, we find, if we compare the gradients with the results from Spolaor et al., that the results are consistent The blue points are the points from Spolaor et al., the dashed line is the theoretical prediction from Kawata & Gibson (2003) only if we use the full gradient, and not excluding the centre.
Comparison with Spolaor et al.
Comparison with Koleva et al.
The comparison data in the previous subsections was mainly focussed on bright ellipticals. However, an important result of our work is that dwarf galaxies have slightly negative gradients. In this section we make a detailed comparison between our gradients and the data from Koleva et al. (2009) , a paper studying metallicity gradients in dwarf galaxies. These authors obtained FORS1/2 long slit observations of a number of galaxies in the Fornax cluster, the Antlia cluster and the NGC5044 and NGC5898 groups. After rebinning to obtain sufficient S/N in the outer parts, they fit SSP models as a function of galactic radius to obtain ages and metallicities.
Inspection of the data reveals that most age gradients are negligible, except for the centre -where dwarf and low mass elliptical galaxies usually host a star cluster -which is often, but not always, younger. We fit a gradient to the metallicity data, which we subsequently convert to a colour gradient using the BC03 models. Figure 10 shows the gradients of the Fornax data compared to our own data. Remarkably, part of the galaxies seems to be consistent with our own gradients, whereas a group of points seems to be more consistent with the compact sources in Coma.
For one Fornax galaxy, FCC136, ACS data is available from the Fornax Cluster ACS Survey (Jordán et al. 2007) , in the F850LP and F475W passbands. The wavelength of the F850LP is a bit redder than our own ACS data, but this offset should be negligible for gradients. In Figure 11 we show a detailed comparison between the metallicity points and colour of FCC136. According to the data from Koleva, this galaxy has no age gradient, and put even more strongly, should even be a true SSP. Inspecting the colour profile shows that there is a nuclear star cluster present, which is much bluer than the rest of the galaxy, either because of a lower metallicity, or because of a younger age. It is likely that the centre contains a much younger population that could not have been seen from the ground.
Outside the centre, the metallicity profile does seem to follow the colour profile, with a small offset, which may be caused by uncertainties in the stellar population models. Foreground extinction in the direction of Fornax is small (around E(B−V)=0.0155 according to Schlegel et al. (1998) ) and hence E(g−z) should be around 0.033 (Sirianni et al. 2005 ). This is a constant, but some- what uncertain colour offset, and we do not correct for it. (The small wiggle and subsequent flattening in the profile are due to use of a slightly too small PSF in the red band.) This plot shows also that one should be very careful in deciding which points to take into account for the fit.
DISCUSSION
Metallicity gradients in dwarf galaxies
One of the shortcomings of using broad-band data for studying gradients in galaxies is that one cannot separate age and metallicity contributions to the gradient. Both mechanisms are known to operate in galaxies. For example, M32 has flat colour gradients in most colours (Peletier 1993; Lauer et al. 1998 ) but shows both an age and metallicity gradient in long slit observations in the sense that the galaxy is older and more metal poor on the outside (Rose et al. 2005 ). However, M32 is classified as a compact elliptical and is probably not representitive for the class of red-sequence galaxies as a whole. Is there any evidence for age gradients in 'normal' red-sequence galaxies? Kuntschner et al. (2010) determine age gradients for galaxies in the Sauron sample and find that old (SSP age>8Gyr) galaxies are consistent with having no age gradients, but young galaxies often have a younger centre. Sanchez-Blazquez et al. do find age gradients for their sample of galaxies in low density environments, but their results for galaxies in a high density environment (Coma) point at age gradients consistent with zero. This means that at least for the bright galaxies in our sample, the age gradients are probably (on average) not important. However, we note that Rawle et al. (2010) warns that, even though they find on average zero age gradients, 40% of their sample is inconsistent with the absence of an age gradient. The situation may be very different in dwarf galaxies. Stinson et al. (2009) simulate age gradients in isolated dwarf spheroidal galaxies (dSphs) and find haloes which are systematically older than the inner parts of the galaxy. Also other hydrodynamical simulations of dwarf ellipticals (see e.g. Valcke et al. 2008) show that star formation proceeds in bursts of gas that contracts towards the galaxy centre, with each subsequent starburst being more central, and even within one burst small age gradients are produced. The age gradient that is formed in this way is positive, and would lead therefore to a positive colour gradient. There has not been much observational work to test this with dwarf ellipticals. Koleva et al. (2009) measure gradients in bright dEs in the Fornax cluster, although they claim that most galaxies have positive age gradients, excluding the centre from the analysis the profiles look remarkably flat. Also the results of Spolaor et al. (2010) do not point at any age gradients. On the other hand, results for dSphs in the local group (see e.g. Battaglia et al. (2006) ) and the M81 group (Lianou et al. 2010 ) point at slightly older outer haloes of galaxies.
If we assume that dwarf galaxies form outside-in (and this is where all the evidence from simulations points to), the fact that we see primarily negative colour gradients in dwarf galaxies tells us the following two things: dwarf galaxies do have metallicity gradients and the contribution of the age gradient to the colour gradient is, although maybe not negligible, not as strong as the metallicity gradient. On the other hand, one of the two galaxies that has a strong positive gradient may be a spiral galaxy transforming to a dwarf elliptical. The inverted gradient here may be due to recent star formation, so age gradients may be present if dwarfs are stripped spiral galaxies.
Comparison with theoretical models
In the previous sections we have derived colour gradients for a homogeneous sample of Coma dwarf and elliptical galaxies. We have shown that the strength of the gradient is strongly dependent on the measurement method: including the centre alters the gradients significantly. If we however exclude the centre, motivated by the fact that galaxy centres host cores, light excess, dust and star clusters, which, although being consequenses of evolution, are probably not generated by the initial collapse of the galaxy (assuming that a galaxy forms through a monolithic dissipational burst), the colour gradients stay slightly negative. The reduced gradients show a relation in which gradients become less steep towards faint magnitudes, but almost never become positive. This is at least qualitatively consistent with the old monolithic collapse scenario. Here, an elliptical galaxy forms as a large starburst from a primordial gas cloud. As not all the gas is used in the initial burst, the remaining gas sinks to the centre, whereas the stars stay where they are. On its way to the centre, the gas is enriched by stellar ejecta. In this way, a metallicity gradient is formed, with the stars near the galactic centre becoming more metal rich. If any age gradient is present, it should be a positive one, but the metallicity gradient set up by the collapse is usually much stronger in the colour, and there is no strong observational evidence for age gradients. Carlberg (1984) was one of the first to model dissipational collapse of an elliptical galaxy with an N-body code. In his simulation collisional gas cloud particles collide with each other to form collisionless star particles. The metallicity gradient of the simulated galaxies depends chiefly on the assumed ratio of the velocity of metal-enriched stellar ejecta and the velocity dispersion of the stars and has a value of ∇Z = −0.5 for typical elliptical galaxies. We note however that lowering this velocity dispersion yields gradients that are more consistent with our observations, and we indeed confirm a trend that fainter galaxies have less negative gradients.
Since then models have improved and are better at reproducing observations. Chiosi & Carraro (2002) carried out N-body-tree-SPH simulations, thereby aiming at reproducing the properties of dwarf galaxies. Their simulations start from a virialized proto-galaxy with a 1/r dark matter density profile. One of their conclusions is that galactic winds are extremely important in blowing out metal rich gas from a galaxy and galactic winds of low mass galaxies are more efficient. From their Figure 6 we reconstruct metallicity gradients of approximately −0.8 for a 10 12 M⊙ galaxy and essentially zero for a 10 9 M⊙ galaxy. There have been many more attempts to model metallicity gradients, also in a cosmological context. The simulations by Kawata & Gibson (2003) model elliptical galaxies by following an isolated sphere with cold dark matter density fluctuations superimposed. These simulations show the same trend from Chiosi & Carraro that less massive galaxies have less steep gradients, which even go to zero for the least massive galaxies. Their simulation output for metallicity gradients does however contain only three different mass points for elliptical galaxies. Most recently, Pipino et al. (2008 Pipino et al. ( , 2010 modelled metallicity gradients in elliptical galaxies. These authors reached the conclusion that the simple outside-in formation of ellipticals is insufficient to explain observables and requires more physics, such as detailed modelling of gas flows. In stark contrast with the models from Kawata & Gibson (2003) , the Pipino et al. models show a variety of gradients, strongly dependent on the star formation efficiency. The galaxies with high SF efficiency have steeper gradients. Figure 12 compares our observed gradients with the theoretical models by Pipino et al. Their paper does not provide magnitudes of galaxies, so we make a simple conversion to F814W magnitudes using the Miles do not correct for the fact that smaller galaxies have on average a lower metallicity. The range of metallicity gradients predicted by these models seems to coincide well with our observations.
Structural parameters
In section 6 we showed that colour gradients also correlated with structural quantities other than magnitude. It is important to know which of these quantities is the primary driver, since it might tell us how the build-up of the galaxy has proceeded. The strongest correlation that we found (even stronger than magnitude) was with Sérsic index (Spearman rank coefficient 0.6)and as far as we are aware, the strong correlation of colour gradient with Sérsic index is shown here for the first time. The Sérsic index is a measure of how centrally concentrated a galaxy is (Trujillo et al. 2001) . Although the exact physical processes that determine the Sérsic index of a galaxy are somewhat clouded, we note that high Sérsic indices can be produced by violent relaxation (see e.g. van Albada 1982; Hjorth & Madsen 1991) . As colour gradients are to first order a result of dissipational collapse, it is not so clear why they should correlate with a parameter resulting from a non-dissipational process. Other authors have also looked at correlations with structural parameters. Tortora et al. (2010) claim to see a dip in colour gradient at Sérsic index n=2. We do not confirm this with our data (the middle panel of Fig. 6 ), but their data also contain late type galaxies, which may explain this difference. As a rule of thumb, quantities correlate better with velocity dispersion than with any other structural quantity. All structural quantities shown in this paper are know to correlate with one another at least in some way. It is therefore not so clear if any of these quantities is more fundamental. It is however possible that a combination of structural parameters together with the colour gradients form a hyperplane with low scatter, which, when seen in projection against any individual structural parameter, has a consequently larger scatter. To test this, we performed a Principal Component Analysis of three of the structural parameters (magnitude, Sérsic index n, effective radius) and colour gradient. The results are shown in Table 1 . The relative importance of each component is given by the eigenvalue of the component. The most dominant component is obviously the first component. The component divides its energy over the four variables in an almost equal way, indicating that there is no good evidence for a hyperplane, but more for a line. The second most important component shows that colour gradient is inversly related to galaxy size, but this component is not very strong.
In Figure 6 we see that especially in the ∇-log r plot, the compact galaxies are outliers. The colours of these sources ( Price et al. 2009 ), colour gradients and surface brightness at the effective radius (Fig. 6 ) are all similar to those of larger elliptical galaxies, and it appears that only their sizes are different. (The exception here is the smallest compact, which has apparently a positive gradient. However, given the extremely small size of this source, it is quite possible that this is the result of errors in the PSF.) Are the observations of our colour gradients consistent with a tidal threshing scenario? The statistics here are low, but it is tantalizing that the compacts seem to follow a similar ∇-log r relation, which is offset from the 'normal' relation by ∼ 1 dex in r, but we do not see many galaxies in between the two sequences (as a matter of fact, there is an additional galaxy which seems to follow the compacts sequence on the large-end side). Obviously, extrapolating these data back to find the progenitors of these galaxies leads to fairly large and bright galaxies, which would be difficult to strip tidally. It is therefore likely that, if these galaxies were tidally transformed, either additional central star bursts have happened, which made the galaxy metal rich in the centre, or the stripping process managed somehow to enhance an additional gradient. An additional possibility is that we are looking at stripped bulges where still part of the disk is present (note that there is evidence for disc signatures in M32 (Graham 2002; Seth 2010 )) In Figure 13 we show how the colour gradient-magnitude relation depends on Sérsic index, by giving the points a different colour for different Sérsic indices. This plot gives the impression that in a given magnitude bin, galaxies with higher Sérsic index have a steeper colour gradient. We warn however that we have not carried out a bulge-disc decomposition for our galaxies and therefore the interpretation of the Sérsic index may be different for spheroids with disc than for spheroids without disc. One of the problems of our sample is that it is a mixed bag of objects. The presence of multiple morphological components in a galaxy impedes a clean interpretation in terms of formation scenarios for elliptical galaxies. As a check, we plot in Fig. 14 a set of galaxies for which morphologies have been determined by Dressler (1980) . Unfortunately, these morphologies are only available for the brightest galaxies. In this figure, we see that in general elliptical galaxies have steeper gradients than S0 galaxies. We can speculate that rotational support has prevented gas from flowing to the centre and therefore thwarted the formation of a strong metallicity gradient. The outlier in this plot is NGC4876, a galaxy with overal quite a flat gradient but a very red centre due to a dust ring.
The influence of the cluster on gradients
If the colour gradient of a galaxy is influenced by the star formation efficiency (which in turn is dependent on tidal interactions, pressure in the ICM etc.) we should expect some dependency on clustercentric radius (or at least for the most massive galaxies.) However, since the virial radius Figure 13 . Colour gradients of Coma galaxies of absolute magnitude. The colouring denotes the Sérsic index of the host galaxy. Interestingly, there is the suggestion that in a given magnitude bin, galaxies with higher Sérsic index have a steeper colour gradient. Compact galaxies are marked with a red cross. Figure 14 . Colour gradients of Coma galaxies for which morphologies are available (from Dressler (1980) ), as a function of absolute magnitude. The colouring denotes the Sérsic index of the host galaxy. Ellipticals have steeper gradients than S0 galaxies. The outlier among the ellipticals is NGC4876.
of the cluster is 2.9h , we are only probing the very densest part of the cluster, so a simple explanation may be that the baseline in densities over which we are comparing our gradients is simply not large enough. In addition to this, the fields around NGC 4839 are comparable to the density of a rich group, and it may be the case that the region is sufficiently dense such that star formation has been switched of here just after a first burst. Besides this, we only have a small number of galaxies which we can study. To really investigate the effect of environment, a comparison with galaxies in a much lower density would be the next step. Theoretically one would at least expect that tidal processes which change the orbits of stars to more radial orbits, at least slightly flatten the colour gradient. A comparison with the metallicity gradients from Koleva et al. (2009) shows that some of the galaxies in the Fornax cluster (which in terms of density resembles more a rich group than a cluster) have much stronger metallicity gradients than our Coma dwarf galaxies at the same magnitude. This is consistent with the result of La Barbera et al. (2005) who found that the steepness of colour gradients is dependent on the richness of the cluster, although the galaxies observed in that paper are much brighter. It is possible that there are different formation scenarios for dEs, and that therefore the distribution of colour gradients between our Coma sample and Koleva et al.'s Fornax sample is slightly different.
On the necessity of high resolution data
Our new result which shows that dwarf galaxies have primarily flat or negative gradients is in contrast with what other authors have found in the past (see e.g. van Zee et al. 2004 ) and we have shown that this is primarily due to the presence of nuclei and dust discs in the centres of galaxies. High resolution observations have shown that almost all dwarf galaxies have central stellar nuclei, which have different colours than the rest of the galaxy. The fact that van Zee et al. (2004) detect positive colour gradients in nonnucleated dwarf galaxies has probably more to do with a blue nucleus going unnoticed than that the main component of the galaxy really has a positive colour gradient.
It is well known that galaxies can contain more than one component. For elliptical galaxies and dEs, we can often fit a light profile with a single Sérsic profile, if we exclude the centre, so that we are not plagued by the presence of cores, light excess or nuclear star clusters. However, our data indicates that the colour profile is not always a straight line, but can show breaks. These coincide with the presence of other morphological components, for example, the presence of a nuclear star cluster or a central nuclear disc. Separating the components, and individually studying the photometric properties of them may lead to a better understanding of the formation of these galaxies.
SUMMARY AND CONCLUSIONS
We have derived colour gradients for a sample of confirmed or very likely Coma cluster members. We show that the gradient which one measures is strongly dependent on whether or not one includes the centre of a galaxy. Large ellipticals often have dusty discs in their centre, whereas lower mass elliptical or dwarf galaxies have nuclear star cluster, of which the colour is different from the rest of the galaxy. This shows that for accurate measurement, one really requires high resolution observations.
Our findings indicate that colour gradients in general correlate with galaxy luminosity or mass, in the sense that high-mass galaxies have stronger gradients than dwarfs. However, in general, colour gradients in the main body of the galaxy do not become positive, as has been claimed in the literature. The colour gradients seem to correlate equally well with other structural parameters, such as effective radius, effective surface brightness and in particular Sérsic index. Compact galaxies clearly stand out by having steeper gradients than can be expected on the basis of their magnitudes. For a subset of galaxies of which the morphologies are known, we find that S0 galaxies have less steep gradients than elliptical galaxies.
We have compared our colour gradients with Mgb gradients and metallicity gradients from the literature, by converting these gradients to colour gradients. The comparison between colour gradients and Mgb gradients is consistent, but the Mgb gradients show generally much larger errorbars. Recently, Spolaor et al. measured an extremely tight relation between metallicity gradient and mass. A comparison of these data with our data shows results consistent with our colour gradients if we include the centre in our fit, but not if we measure the gradient in the outer parts. Since time scales are much longer in the outer parts, and later bursts of star formation primarily influence the centre, the gradient in the outer parts should be a better probe for metallicity gradients from a monolithic collapse scenario. The metallicity gradients from the SAURON data are however fully consistent with our data.
Simulations still have trouble reproducing the observations. Although the work by Pipino et al. (2010) is able to reproduce the scatter, it apparently misses the trend observed with magnitude. If dwarf galaxies have strong positive age gradients, the results are consistent.
Given the poor reproduction of gradients by simulations, we can only speculate what our results mean in terms of galaxy formation models. The observed trends with galaxy magnitude imply that somehow the mass of the galaxy, or the potential well are important in shaping the gradient. However, given the scatter in gradients at a given magnitude, this cannot be the only important process. Another clue comes from the Sérsic index-gradient relation. Galaxies with nearly exponential profiles have flatter gradients than galaxies with higher Sérsic indices. Higher Sérsic indices are thought to be the results of processes involving violent relaxation. Since this is a non-dissipational process by itself, the strong gradients may point at a history of moist or wet mergers. Table A1 : For each galaxy, Coma ID (see Paper II), right ascension and declination are given, together with Sérsic magnitude, membership ratio, redshift, colour gradient in the outer parts, ellipticity used in the Galphot fit and the reduced χ 2 from the fit of the gradient to the outer part of the colour profile. Figure A1 . Colour profiles for a subset of our galaxies, sorted by magnitude in anticlockwise direction. Brightest galaxy here is COMAi13022.156p28249.08 (F814W(AB)=13.77) and faintest galaxy is COMAi125902.433p28021.36 (F814W(AB)=18.93). COMAi13022.156p28249.08 is a barred galaxy (which is why the errors increase and decrease over the profile) and has a central dust disk.Also COMAi25943.724p275940.89 has a central dust disk, which is seen face on. COMAi125902.433p28021.36 and COMAi125635.495p271490.37 are typical examples of dwarf galaxies, whereas COMAi13007.123p275551.49 is an example of a faint system with a steep gradient and high Sérsic index. The profiles of the full sample can be found in Appendix B of the electronic edition of this paper.
ACKNOWLEDGMENTS
